We consider the propagation of surface plasmon polaritons in anisotropic metamaterial systems. It is shown that material anisotropy can be used as an efficient tool to independently control effective modal index and spatial profile of the surface mode. In particular, it is possible to utilize anisotropic media to completely eliminate the out-of-plane scattering of surface plasmons, realizing the paradigm of truly two-dimensional optics where surface modes are completely uncoupled from their volume counterparts. The developed formalism yields a mapping between the familiar laws of 3D optics and the behavior of two-dimensional surface optics. The mapping is illustrated on examples of plasmonic refractor and plasmonic Bragg reflector. The tolerance of the surface optics paradigm with respect to material imperfections is assessed with perturbation theory and with numerical solutions of Maxwell's equations. Practical realizations of dynamical plasmonic circuits and extensions of the developed framework to volume-guiding structures are discussed.
I TRODUCTIO
Surface plasmon polaritons (SPPs), propagating modes linked to oscillations of free-electron gas coupled to optical radiation, are commonly considered to be the most natural link between nano-electronic industry and micro-photonic technology. Unique spatial profile of the SPP facilitates sub-diffractional confinement of optical radiation and motivates design of surface optical elements, including surface lenses, reflectors, and optical isolators [1] . Although a number of such elements have been recently proposed, practical realization of surface-optics paradigm faces two major challenges: (i) optical losses that limit the lateral size of individual SPP element and total number of SPP elements in the system, and (ii) out-of-plane scattering of SPPs that provides an (uncontrollable) coupling between surface waves and volume modes and thus further limits SPP propagation and negatively affects the integrity of information flow in surface optical circuits. It has been suggested and recently demonstrated that propagation length of SPPs can be substantially increased by incorporating optical gain into plasmonic structure [2] . In this work we address the second fundamental problem of SPP propagation -out of plane scattering of SPP modes.
We show that the SPP scattering can be substantially reduced, and even completely eliminated with properly designed anisotropic metamaterials, opening the road towards truly surface optics [3] . In the regime when scattering is negligibly small, the propagation of surface modes becomes completely identical to propagation of plane waves in conventional "volume" photonics. In particular, it becomes possible to map propagation of surface modes onto conventional Snell's law and Fresnel equations. The mapping can be used to design variety of surface optical elements -from lenses to waveguides to plasmonic crystals. Two basic examples of surface elements are presented below: plasmonic refractor that illustrates refraction and reflection of surface waves, and plasmonic Bragg mirror that illustrates the appearance of the bandgap in periodic plasmonic systems. The validity of the developed formalism is verified with numerical solutions of Maxwell equations.
The tolerance of truly plasmonic optics to variation of material properties is also analyzed using both analytical and numerical techniques. Combinations of conventional materials capable of substantially reducing SPP scattering are identified. In particular, it is shown that electrooptical structures can be used to simultaneously drastically decrease SPP scattering and achieve the dynamical (run-time) control over SPP propagation.
Finally, the extension of the formalism to achieve mode matching and mode engineering in volumetric waveguides is discussed. 
OPTICAL MODES AT THE METAL-DIELECTRIC I TERFACE
The basic geometry of the surface-waveguide is shown in Fig.1 . The waveguide comprises an interface between two (anisotropic) materials. The surface mode propagates along this interface (in yz plane). Both electric and magnetic fields of this mode exponentially decay away from the interface (in x direction) [4] . The propagation properties of the SPP are described by the dispersion relation:
while the exponential decay of the field inside the media ( ) is given by:
in the equations above subscripts 1 and 2 correspond to parameters in top ( > 0) and bottom ( < 0) materials respectively ( Fig.? ), represent components of dielectric permittivity tensors, -angular frequency of light, and inplane components of the wavevector. As shown below, the parameter = ⁄ plays the role of effective refractive (modal) index.
For isotropic systems, Eq.(1) yields the well-known SPP dispersion relation = [4] . Coupling two SPP-guiding structures. Under ideal conditions, incident SPP (amplitude i SPP ) excites one transmitted SPP (amplitude t SPP ) and one reflected SPP (amplitude r SPP ); however, in isotropic structures the profile of SPP is directly related to the modal index. the shown profiles correspond to = 1; = 2; = = −10; The dashed line represents the profile of incident SPP. Note that the field decay into the metal only weakly depends on the modal index; the dependence of profile into the dielectric is substantially stronger; the profile mismatch leads to excitation of out-of-plane scattering.
Apart from confined SPP, the interface system shown in Fig.1 also supports a continuum of open waveguide modes, [5] also known as volume modes. Each volume mode can be represented as a set of three plane waves with the same components of in-plane wavevector ( , ). It is convenient to parametrize volume modes with x-component of their wavevector inside the top medium. This way, the magnetic field of a volume mode propagating in the direction {0, , } can be represented as:
where the parameters ( ) and ( ) are given by:
The electric field of the volume mode can be calculated using Maxwell's equations. Note that parameter describing xprofile of the volume mode in bottom media involves the square root extraction. As shown in [6] , to assure causal propagation of the waves this square root should be calculated with complex plane cut along the negative imaginary axis so that Arg ∈ − , .
The set of volume modes along with the SPP represents a complete set of TM (transverse-magnetic) waves in the system. Therefore, any TM-polarized (p-polarized) electromagnetic field that satisfies Maxwell's equations can be represented as linear combination of these modes. For completeness, we note that the system also supports a continuum of TE-polarized (s-polarized) volume modes. The properties of these waves are similar to those of TM-polarized volume states described above.
All volume modes are orthogonal to the SPP, and mutually orthogonal to each other with normalization relation being
with " † " denoting the field reversal in z direction. Note that proper orthogonality requires multiplication of electric field of one mode by magnetic field of the other [5] . As expected, in the limit of isotropic media, Eqs. (5) are identical to those in Refs. [5] .
COUPLI G TWO PLASMO IC STRUCTURES: EMERGE CE OF OUT-OF-PLA E SCATTERI G
We now turn to the main problem of this work -coupling of modes in several single-interface structures. The basic geometry of two coupled SPP-supporting systems is shown in Fig.1 (b) . In general, the structure represents an interface between four different materials. We denote the properties of two materials at < 0 with " − " sign and those of materials at > 0 -with " + " sign.
The fields in the " − " region can now be represented as a linear combination of an incident SPP travelling in the positive z direction, a reflected SPP travelling in the negative z direction, and a set of scattered reflected volume modes, each travelling in the negative z direction. Likewise, the field in the " + " region can be represented as a linear combination of transmitted SPP and a set of scattered transmitted volume modes, all travelling in the positive z direction.
The amplitudes of reflected and transmitted SPPs as well as amplitudes of scattered waves can be related to material parameters and to the amplitude of incident SPP using the coupled-mode approach outlined in Ref. [5] . In this technique the boundary conditions of electric (magnetic) fields continuity at = 0 interface are iteratively multiplied by magnetic (electric) fields of a given mode, followed by the integration of the product along direction. Each integration results in a linear equation relating the amplitudes of some combination of modes. A complete set of linear equations (derived by consecutively multiplying boundary conditions by all modes of the system) can therefore be used to numerically [5] deduce the amplitudes of all reflected and transmitted waves.
It is important to note that as a rule, a single incident SPP excites a spectrum of volume modes. The origin of this scattering can be related to the fact that any modification of modal index of SPP in isotropic media necessarily results in modification of profile of SPP, resulting in the field mismatch at = 0 boundary. The mismatch is compensated by scattered radiation.
More precisely, the scattering can be explained in terms of orthogonality of modes in the system. As described above, the modes at each side of the interface are orthogonal to each other. Hence, in the single-interface structure described in Section 2 the SPP-volume mode coupling does not exist and SPP cannot leak into the volume mode. Likewise, it is impossible to use the volume mode to excite the SPP [4] . The situation is drastically different when two SPP-supporting structured are coupled to each other. The modes at the " − " side of the interface are not in general orthogonal to modes at the " + " side. The absence of mode orthogonality results in the mode coupling, which in turn manifests itself as SPP scattering. In typical plasmonic structure, about 10% of energy of incident SPP is scattered at each optical interface (Fig.4) 
SCATTERI G-FREE PLASMO ICS
In order to eliminate the scattering one has to maintain the mode orthogonality across the material interface. Or, equivalently, one has to be able to manipulate the structure of the mode independently of modal index. As seen in Eqs. (1, 2) , such an independent control of modal index and transverse mode structure can be realized for TM (ppolarized) modes in anisotropic uniaxial media. The condition for consistent mode orthogonality across the system can be reduced [3] to:
Thus, in order to eliminate cross-talk of optical modes the in-plane components of permittivity tensor have to be fixed in -plane, and the component of the permittivity tensor parallel to optical axis has to be changed in self-similar manner, with ratio = describing the ratio of effective modal index
When conditions of Eqs. (6) are satisfied, the scattering of SPPs is completely eliminated, and the behavior of surface modes in planar system becomes identical to the behavior of plane waves in free-space. The laws of the surface optics can now be mapped to the laws of conventional free-space photonics. As an example, we consider a refraction of an SPP incident at the = 0 interface between two SPP-guiding structures described above. The direction of the transmitted(refracted) and reflected SPPs are related to the direction of incident SPP via Snell's law sin( ) = sin( ) = sin ( )
and the amplitudes of transmitted and reflected SPPs (given by the amplitudes of their components) are related to the amplitude of the incident SPP through Fresnel equations
Note that the Fresnel equations for TM-polarized SPPs are identical to Fresnel equations for TE-polarized plane waves. This seeming inconsistency is easily explained by careful consideration of the field structure of surface mode. The magnetic field of SPP lies in plane; while its electric field has components in all , , and directions. Thus, only electric field of SPP has non-zero component perpendicular to plane of incidence ( plane). Perfect agreement between analytical Eqs. (7, 8) and numerical solutions of Maxwell equations is shown in Fig.2 . Note that the existence of direct mapping between surface-and volume optics allows to bring majority of well-developed optical techniques to the domain of pure plasmonics. It becomes possible to create plasmonic lenses, prisms, and mirrors. It further becomes possible to design periodic plasmonic systems that behave as surface analogs of photonic crystals [7] plasmonic crystals [1, 3] . An example of such system is shown in Fig.3 Fig 
LOW-SCATTERI G REGIME
We now consider the effect of small deviations of material parameters from the conditions given by Eqs. (6) on out-ofplane scattering in the system. For simplicity, we assume normal incidence ( = 0) of surface waves. Two approaches are used to quantify the scattering.
The first, analytical, technique employs perturbation theory to derive transmission and reflection amplitudes of SPPs: (1 + ),
where is amplitude of the incident SPP and corrections to transmission and reflections are given by:
with representing volume modes with standing for , and , , and corresponding to , and , , and corresponding to fields of SPPs [see Eq. (5)].
The intensity transmission and reflection coefficients are given by:
with and being the Poynting flux of SPP of unitary amplitude propagating at < 0 and > 0 respectively. (details of these derivations will be reported elsewhere [8] )
The scattering is then derived as
In the case lossy materials -the typical situation for plasmonic/metamaterial structures -reflection and transmission should be calculated at the interface [ = 0] and the amplitudes of reflected and transmitted waves should be related to the amplitude of the incident wave at the same location.
To validate the analytical results, we simulate the propagation and scattering of surface waves using commercial finiteelement frequency-domain PDE solver, COMSOL multiphysics 3.4 [9] . In these simulations, the PDE solver is used to find field distribution across the system. Mode orthogonality relations are then utilized to extract the amplitudes of transmitted and reflected SPPs, and Eqs. (10, 11) are used to calculate the scattering in the system.
Comparison between perturbation-theory based calculations and numerical solutions of Maxwell equations is shown in Fig.4 . As expected, perturbation theory provides adequate results in the limit of very small scattering for both isotropic and anisotropic systems. The scattering in anisotropic structures with = tends to be substantially smaller than that in systems with ≠ .
Note that in the regime of very weak scattering perturbation theory seems to describe reflection and transmission much more accurately than it describes scattering. This fact is a direct consequence of extremely small scattering in the structures: the absolute error of scattering is of the order of absolute error in transmission/reflection calculations.
electrooptical dielectric
However, the small amplitude of scattering (of the order of its absolute error) results in comparatively large relative error. Fig.4(g-i) illustrates out-of-plane scattering in the plasmonic guides with common metallic substrate covered with anisotropic dielectric. Note that although these systems do not satisfy the no-scattering requirement, the coupling between SPP and volume modes remain negligible. Such a weak coupling can be once again explained by considering the transverse ( -direction) profile of the modes. As it can be explicitly verified, in the limit (| | ≫ , ), often realized at optical frequencies, effective modal index of SPP weakly depends on permittivity of plasmonic component of the structure: (12) thus modifying effective modal index. Note that the in-plane permittivity will not be affected by the external field and will remain constant across the system. Electro-plasmonic structures may thus be utilized to build reconfigurable plasmonic circuits, where external electric field would dynamically create or erase plasmonic lenses, prisms, reflectors, and other surface optical elements.
WAVE E GI EERI G I A ISOTROPIC STRUCTURES
The ability to independently control lateral and transverse structures of optical modes has its advantages far beyond surface optics. One straightforward extension of our results lies in a universal approach for waveguide mode matching. Thus, it is possible to use anisotropic composites to control profile of optical modes in arbitrary planar optical circuits. The Eqs.(6) are generalized to:
( , , ) = ( , ) ( , 0,0) ( , , ) = ( , 0,0)
with function ( , ) describing modulation of effective modal index across the system.
Similar to the scattering-free plasmonic circuits, when Eqs.(13) are satisfied, the profiles of all TM waveguide modes become independent of their effective indices. This phenomenon, in turn eliminates cross-talk between the modes and allows efficient light management in planar geometries.
In non-planar systems properly designed anisotropic materials can be used to modulate the mode profile, shrinking or extending the mode in -direction, thus limiting or facilitating interaction between mode and the cladding region.
In the case of extreme anisotropy, anisotropic materials can be utilized to design "diffraction limit-less" waveguidesphotonic funnels -where the effective index of the mode self-adjusts to the confinement scale, dramatically reducing modal wavelength, and effectively postponing the appearance of modal cut-off [10] . In bulk anisotropic systems similar effect leads to negative refraction [11] and to creation of sub-diffraction far-field imaging instruments, known as hyperlenses [12] .
CO CLUSIO S
In conclusion, we have developed an analytical description of surface mode propagation in uniaxial materials. The developed formalism was used to demonstrate that anisotropic composites provide an opportunity to independently modulate the spatial profile of the mode of optical waveguide and modal index of this mode. The profile-engineering can be used to facilitate/control mode-mixing in the coupled waveguide structures.
Specific application for suppression and complete elimination of out-of-plane scattering of SPPs is proposed and analytical description of mode propagation in coupled surface mode waveguides is developed. Analytical results are verified on examples of plasmonic refractor and plasmonic crystal; analytical expressions for transmission, reflection, and scattering in non-ideal plasmonic system are verified with finite-element solutions of Maxwell equations.
Finally, the weakly scattering plasmonic structures are considered and applications of electrooptical materials for reconfigurable plasmonic circuits are suggested.
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